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Abstract—Large molecules of dyes or other substances can act as nano-adsorbents in aqueous surfactant solu-
tions and, being coated with surfactant molecules, they resemble surfactant micelles with a solubilizate. These
micelle-like particles were called protomicelles (or, more precisely, adsorption protomicelles, as in this
paper). Their formation does not require a critical micelle concentration (CMC) and begins immediately
when a surfactant is added to a solution. In this spectrophotometric study of Nile red (NR) in aqueous solu-
tions of nonanoic acid (NOA), the first case where protomicelles were more important than micelles was
demonstrated. It was shown that NR solubilization in both premicellar and micellar solutions proceeds
through protomicelles rather than through NOA micelles. In the theoretical part of the paper, on the basis of
the chemical potential of the nano-adsorbent, it was proved that the addition of a surfactant to a solution
always increases the solubility of the nano-adsorbent. The dependence of adsorption on the curvature of the
nano-adsorbent surface was considered, and it was shown that the adsorption equations for flat surfaces are
applicable to curved surfaces with high accuracy.
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The concepts of nano-adsorbent and protomicelle
were introduced in our publications [1, 2]. In this
study, they are explained and specified using both new
considerations and experimental data. We are pleased
to dedicate this work to the anniversary of Academi-
cian Irina Petrovna Beletskaya, the queen of Russian
organic chemistry!

Let us start with the nano-adsorbent. It is known
that an adsorbent is often ground before experiments.
It may seem that by grinding a material down to a
nano-size, one already gets a nano-adsorbent, and
here you are! You may continue your work. On the one
hand, this is actually so, but the matter is not just
about adding the sacral prefix “nano” to a term (the
word “nano-adsorbent” is not new, but it is usually
misused), but about a crucial change in the thermody-
namic approach. A usual adsorbent is one more mac-
roscopic phase, and adsorption takes place at the
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interface between this phase and the solution. In other
words, a usual adsorption system is always heteroge-
neous. If the size of an adsorbent particle is so small
that it becomes a participant of Brownian motion, the
nano-adsorbent is an equal component of the solu-
tion, and the system becomes homogeneous. “Homo-
geneous” means uniform; if we imagine an observer
who sits at some point of the solution and monitors
some property (say, density), we will get the same
result for all solution points over a period of time suf-
ficient for averaging. However, the result of this imag-
inary experiment would change if the center of mass of
one of the particles is fixed. It immediately becomes
the center of a new phase no matter how small the par-
ticle is, and the system should be classified as hetero-
geneous.

Like any solution, an adsorbent nano-particle has
the chemical potential W (this notion is also applicable
to dispersed particles [3]). It depends on the particle
size and shape; therefore, for an adsorbent obtained by
grinding, a description in terms of the chemical poten-
tial becomes very complicated. However, the situation
can be substantially simplified if the role of the nano-
adsorbent belongs to a different substance. In this
case, all nano-adsorbent particles are identical and are
molecules of this substance. The moving solution par-
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ticles interact with one another and form associates,
but this resembles adsorption if one molecule can bind
many other species present in the solution. This situa-
tion requires a large difference between the particle
sizes, and we should assume that nano-adsorbent
molecules are much larger than the adsorbate species.

Now look at the expression for the chemical poten-
tial of a molecule of solution component i given by sta-
tistical mechanics:

W =W +w+kTlInag +kTInA,, (1)

where u,o is the chemical potential of a molecule with

the center of mass at rest in vacuum, w; is the work for
transfer of a molecule from vacuum to a certain point
within the solvent (not necessarily a pure substance),

g, is the activity of component i (taking account of the

interaction with all particles except the solvent), A, is
the de Broglie wavelength for one molecule of compo-
nent i (a quantity related to the statistical sum of trans-
lational motion and depending only on temperature),
and AT has a usual meaning. As applied to a nano-
adsorbent, the expression in the right-hand part of (1),
except for the last term, is the chemical potential of a
molecule with the center of mass at rest; hence, it acts
as a usual adsorbent. Therefore, it is possible to rely on
the theory of adsorption, with known equations (such
as the Langmuir equation) and approaches, which has
been fairly well-developed to date. Any mixture of sub-
stances, except for the nano-adsorbent, can serve as
the solvent. Evidently, the transfer of a nano-adsor-
bent molecule from vacuum to the solvent may be
accompanied by spontaneous adsorption of some sol-

vent components, which decreases the work w; in
expression (1):

w; =w?—2ujnj. 2)
J

Here w, is the w, value in the absence of adsorption, u
is the work for detachment of an adsorbate molecule
from the adsorbent surface, # is the number of adsor-
bate molecules, subscript j numbers adsorbates if there
are several of them.

The number n;, of adsorption sites per unit surface
area of the adsorbent is one of the most important
notions of the Langmuir theory; but this theory refers
to flat surfaces. Meanwhile, the surface of a nano-
adsorbent particle cannot be actually regarded as flat;
therefore, the applicability of the Langmuir equation
to nano-adsorbents requires estimation of the error.
We will do it. Let a nano-adsorbent particle be spher-
ical and have the radius R and let an adsorbate particle
(for simplicity, we take that there is only one adsor-
bate) have the volume v and the length d along the
perpendicular to the surface in the adsorbed state. It is
also necessary to specify the type of packing, which
determines the distribution of voids. Hence, we intro-
duce the coefficient 1, which shows the proportion of
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filled space. The volume of the adsorption monolayer
is given by the relation

v =4?n[(R+d)3 -R'), 3)

and the effective volume filled with the adsorbate mol-
ecules is V1. Then the number of the adsorption sites
in the monolayer is estimated as '1)/v, while the num-
ber per unit surface area #, is found by an additional
division by the median monolayer area:

m

ny = —————-—. (4)
4mv(R + d/2)°
In the limit of large R for a flat adsorbent surface,
_ _d

Al > 0 =L, )

and then relation (4) can be simplified to the form

2 2 3 2 2

ny_Rd+Rd"+d"/3_1+8+3 /3:1+8_’ 6)

) d(R+d/2)’ 1+ 8/2) 12

where 6 = d/R is a small parameter. Expression (6)
shows that if the nano-adsorbent particle has a larger
size, one can safely use adsorption relations for flat
surfaces (the erroris very low; even for 8 = 1/3, it is less
than 1%).

Surfactants are adsorbed especially efficiently.
Also, surfactants are related to our notion of protomi-
celle. When a nano-adsorbent molecule is coated by
surfactant molecules or ions, it closely resembles a sur-
factant micelle with a solubilization core. This
micelle-like particle acquired the name of protomi-
celle, which is encountered as frequently as a true
micelle. Whereas the formation of true micelles
requires a definite concentration of the surfactant
solution (critical micelle concentration, CMC),
protomicelles are formed at any concentration pro-
vided that the surfactant adsorption is positive (which
is typically the case). In [4, 5], the term “protomi-
celle” has already been mentioned (although only
once and without explanation). Probably, it has been
used earlier in polymer chemistry; hence, to avoid
misunderstanding, we will now use the term “adsorp-
tion protomicelle” (the word “protomicelle” used
below should be understood this way).

In the theory of adsorption, the issue of adsorbent
solubility is even not addressed, but this notion is nat-
ural for a nano-adsorbent. The solubility is the equi-
librium concentration of a substance in a solution in
contact with the pure phase of this substance (e.g., a
solid precipitate); at a specified temperature, the
chemical potential of the substance is constant. From
the conditions dy; = 0 and expressions (1) and (2), it
follows that

kTding, =d) un, (7)
J
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where n; is the number of adsorbed molecules (simul-
taneously it is the aggregation number of component j
for protomicelles), the subscripts i and j refer to the
nano-adsorbent and the adsorbate, respectively. The

n; value and the concentration of component, in solu-
tion ¢; are related to the adsorption isotherm equation;

in all cases, dn;/dc; > 0. Then relation (7) leads to the
conclusion that the addition of the adsorbate (surfac-
tant) to a solution always induces an increase in the
activity and, hence, in the concentration, that is, in
the solubility of the nano-adsorbent. The above theory
demonstrates that the meaning of the term nano-
adsorbent is not in the word by itself, but in the ther-
modynamic interpretation of this word.

While turning to the experiment, we would like to
note, first of all, that early experiments involving
nano-adsorbents and protomicelles were carried out
for phthalocyanines [6, 7]. Now we use another dye,
Nile red (NR; its chemical name is 9-diethylamino-
5H-benzo[a]phenoxazin-5-one), the molecules of
which are also planar (Fig. 1), hydrophobic, and
poorly water-soluble (approximately 2 uM [8]). Stud-
ies of aqueous solutions of NR in combination with
common ionic surfactants, tetradecyltrimethylammo-
nium bromide [8] and sodium dodecyl sulfate [9],
have already been carried out; and now it is time to
switch to surfactants of a different type. In this study,
nonanoic acid (NOA), exhibiting a series of transient
properties, was used as the surfactant. First, this refers
to a position between ionic and nonionic surfactants:
NOA is a weak electrolyte and is adsorbed mainly in
the non-dissociated form (the number of neutral mol-
ecules at the water—air interface in the adsorption
layer is 272 times higher than the number of adsorbed
NOA ions [10]). Second, this is intermediacy between
colloidal (able to form micelles in this medium) and
non-colloidal (those devoid of this ability) surfactants,
although formally NOA refers to the former type and
forms micelles in water at a concentration of less than
1 mM (according to figures given in [10]; below this
concentration is defined more precisely).

The real aggregation number of NOA micelles is
unknown, but using the Tanford procedure [11], we
can calculate the theoretical aggregation number # as
it was done previously (equation (25.6) [12—14]; the
numbers in parentheses are in angstroms in the
numerator and cubic angstroms in the denominator):

o AmLS + 1.265n.)°
3(27.4 +26.95n:)

)

where n is the number of carbon atoms in the hydro-
carbon tail of the surfactant molecule. In our case,
nc = 8, and relation (8) gives n = 27.1. This is the min-
imum possible NOA aggregation number, since rela-
tion (8) implies that each hydrocarbon substituent is
wholly within the hydrocarbon core of the micelle.
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Fig. 1. Structural formula of Nile red.

Actually, surfactant molecules protrude from the
micelle, which increases its real size. For example, in
the case of a common surfactant, sodium dodecyl sul-
fate, this increase is approximately 1.3-fold. If this cri-
terion is applied to our case, a NOA aggregation num-
ber of approximately 35 can be expected. The critical
micelle concentration (CMC) of NOA is close to its
solubility.

The NOA solubility requires a special comment.
This refers to crystallization of a micellar solution, and
it is not surprising that the data on the NOA solubility
in water are highly scattered [15]. According to our
estimate, at 30°C (our working temperature), the min-
imum solubility is approximately 1.65 mM. This
makes NOA important for the study of pre-micellar
solubilization and related protomicelles.

Here we studied the NOA—NR—water ternary sys-
tem, where NOA functioned as the solubilizer, while
NR is the solubilizate. NOA and NR were commercial
chemicals (Acros Organics) with 98% and 99% purity,
respectively. Solutions for the study were prepared
using distilled water with pH 6, measured on a Seven
Multi (Mettler Toledo) instrument with an InLab
Expert Pro pH combined electrode. The slightly acidic
medium of distilled water is due to the absorption of
carbon dioxide from air.

Spectrophotometric measurements were described
previously [1, 8]. Traditionally [ 12—14], the solubilizer
is considered to be the first component, while solubi-
lizate is taken as the second component; therefore, the

concentrations of NOA and NR are designated by ¢,

and ¢,, respectively. Then relation (7) can be written in
the form:

delna2 _dun) _ ul% >0,

de, dc, dc,
where n and ¢, are related by the adsorption equation
and always vary in parallel. The work of detachment of
the hydrocarbon tail of the NOA molecule from the
surface of the NR molecule, u;, is determined by
hydrophobic interactions (i.e., properties of water)
and, therefore, it does not depend on ¢,. According to
the thermodynamic stability conditions, da,/dc, > 0;
hence, from inequality (9), it follows that

(€)

de,

> 0. 10
de, (10)
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Fig. 2. Electronic absorption spectra of NR in saturated aqueous solutions in the presence of NOA with concentrations (from
bottom to top), mM: 0.21, 0.3, 0.4, 0.5, 0.71, 0.9, 1, 1.23, and 1.42 at 30°C. A is absorbance, A is the light wavelength. Optical path

length /=5.07 cm.

This means that the addition of NOA to a saturated
solution of NR should increase the solubility of NR.

The strict fulfillment of this rule can be seen at the
first glance in Fig. 2, which shows the spectra of NR in
aqueous solutions (saturated with respect to NR) with
different NOA concentrations. It can be seen that in
the visible range of the NR spectrum, an increase in
the NOA concentration induces a change in both the
shape of the absorption band and the absorption
intensity. At low ¢, values (0.21—0.4 mM), the position
of the maximum (A = 591 nm) and the shape of the
band are typical of the monomeric state of NR in

A/l cm™
0.012
3
CM/
0.008

0.004

0 0.5 1.0 1.5
¢, mM

Fig. 3. Reduced (to / = 1 cm) absorbance of NR A// vs.
NOA concentration c; according to the spectral data
shown in Fig. 2.
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water [6]. When ¢, > 0.5 mM, the A maximum in the
spectra of NR (curves 5—9, from bottom to top) is red-
shifted and is located at 598 nm wavelength. The left
part of the band narrows down, and a shoulder appears
at the right part, which is typical of protonated NR in
an acid medium [16]. When there are not only NR
monomers in water, but also NR aggregates (H-dimers
formed upon stacking of the flat dye molecules), a sec-
ond maximum, typical of dye dimers, appears at the
short-wavelength side of the absorption spectrum
(543 nm [9], 536 nm [16]). For the protonated NR
molecules existing in acidic media (water + H,SO, or
ethanol + HCI), the absorption maxima (616 and
618 nm, respectively [16]) are located in the longer-
wavelength spectral range than those for the neutral
form (593 nm [8, 9, 18]). Thus, it can be suggested that
at NOA concentrations c¢; > 0.5 mM, the dye in these
systems occurs mainly in the protonated form.

The maximum peak points of Fig. 2 are depicted in
Fig. 3 asthe dependence of the reduced (tothe /=1 cm

length) absorbance A// on the NOA concentration c;.
The curve can be divided into three segments. Seg-
ment / is a weak dependence where the adsorption of
NOA on the solid surface of NR is yet low and the
detachment of NR molecules from the crystal is
unlikely. In segment 2, the detachment has already
started and protomicelles are being formed in the solu-
tion; in the absence of true micelles, protomicelles
take on all the work on NR solubilization. Finally, seg-
ment 3 is characterized by the presence of micelles,
which are also involved in NR solubilization, but to a
lesser extent than protomicelles, as evidenced by a
smaller slope of segment 3 compared to segment 2.
This may be attributable to the fact that small NOA
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micelles poorly absorb NR molecules and partially
remain empty. Note that in previous studies [8, 9], the
formation of protomicelles ended near CMC, and part
2was absent. In this study, we encounter a unique case
where NR protomicelles appear to be more important
for the solubilization than micelles.

The junction of segments 2 and 3 (Fig. 3) forms a
kink, which can be interpreted as the CMC of NOA.
To more accurately find the point of kink and calcu-
late the CMC, we will use the following technique.
Segments 2 and 3 are approximated by equations (¢, is
expressed in millimoles per liter, mM; since the equa-
tions relate quantities with different units of measure,
the numerical values also have units of measure):

A/l =0.0108¢, —0.0009, R* =0.9977, an

A/l =0.0034¢, +0.0055, R’ =0.9989, (12)

where R? is the squared mixed correlation, reflecting
the quality of approximation. The combined solution
of equations (11) and (12) gives NOA CMC:
¢, = 0.86 mM. Itis lower than that in pure water [10],
but it has been proved that surfactant CMC always
decreases in the presence of a solubilizate [17].

In order to pass to the classic (micellar) solubiliza-
tion curve ¢,(c,), equation (12) should be divided by
the NR extinction coefficient, €,, which is unfortu-
nately unknown for the NOA-containing aqueous sys-
tem and is difficult to determine. In [18], &, = 3.31 X
10* M~ cm™!, found for NR in a mixture of dioxane
and water, was used to calculate the solubilization
capacity of Triton X-100. For a system with tetradec-
yltrimethylammonium bromide, we had €, = 2.713 %
10* M~! cm™! [8], while for a system containing
sodium dodecyl sulfate, €, = 3.4 x 10* M~! cm~! was
used [9]. Therefore, for a rough estimation, we may
use &, =3 x 10* M~ cm~! = 30 mM~! cm™!, which is
close to all of the above values. By dividing equation
(12) by this value, we get the equation for the solubili-
zation curve as

¢, = 0.0001¢; +0.00018, (13)

where both concentrations are expressed in mM.

The coefficient at ¢, in equation (13) is equal to the
solubilization capacity s of NOA micelles, which is the
ratio of the aggregation numbers of the solubilizate z
and solubilizer #:

s =%=0.0001. (14)

n
It can be seen from relation (14) that at z = 1 (each
NOA micelle contains one solubilized NR molecule);
the aggregation number # becomes unrealistically
great. Obviously, average z must be much lower than
unity, which means that only a small fraction of
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micelles participates in solubilization. Note that in the
micellar concentration region, protomicelles are
indistinguishable from usual micelles with a solubili-
zate; hence, it is quite possible that all of them origi-
nate from the protomicelles. Owing to the flat geome-
try of NR molecules, the latter look like disc-like
micelles, whereas “empty” NOA micelles are spheri-
cal. It may happen that in the micellar region, too, the
number of NR molecules in the solution increases via
the protomicelle mechanism (adsorption of NOA
molecules on the NR molecules as a nano-adsorbent).
In any case, the role of NOA micelles in the NR solu-
bilization is minor, while protomicelles play the cru-
cial role.

Thus, it can be stated that the results of this study
boost the importance of the protomicelle and nano-
adsorbent concepts.
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